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’INTRODUCTION
Self-assembling peptides are ﬁnding increased application as
building blocks for the development of biomaterials and other
nanostructures.
14 This is a result of the wide range of chemical
and physical properties accessible to peptides based on their
amino acid sequence and the type of self-assembly that they
undergo. In particular, ﬁbril-forming peptides derived from
amyloidogenicsequences,orfromthefundamental(AG)nmotifs
foundinsilkﬁbroin,havebeen putforward asusefulscaﬀolds for
creating novel biomaterials.
2,4,5 Similarly, sequences derived
from the hydrophobic repeats of elastin have been widely
investigatedasprospectivebiomimeticpolymerswithpotentially
useful properties in terms of temperature-controlled assembly,
and elasticity.
6 In each case, the properties of the assembled
peptides are typically deﬁned either by altering the primary
sequence and solution conditions to change physical properties,
such as strength and type of assembly, or through the addition of
ligands or cargo, for instance, the deposition of metal nanowires
or other polymers templated by amyloid ﬁbril formation.
7,8
Because of the highly sequence-dependent behavior of self-
assembling peptides, it is important to develop a detailed under-
standing of the molecular basis for the adoption of diﬀerent
structuresandforthematerialpropertiesoftheﬁnalproduct.This
is of particular importance in the case of amyloid ﬁbrils because
amyloid formed by naturally occurring sequences is linked to the
pathogenesisofanumberofhumandiseases,suchasAlzheimer’s,
Parkinson’s, and prion diseases. The link between structure and
diseaseinthesecasesisnotclearlyunderstood,suchthatpotential
risks arising from amyloid-based materials are poorly deﬁned.
Thus, understanding the structural properties of potential
materials and the link between their molecular structure and
physical properties is also of signiﬁcant biological importance.
The structural details of several biologically relevant amyloid
ﬁbrils have been determined using solid-state NMR and other
spectroscopic techniques, showing that each contains a variation
on thecross-βarchitectureconsistent withX-ray ﬁberdiﬀraction
studies.
913Similarly,thelocalstructureofnanotubesformedby
theAlzheimer’sβ-amyloid protein fragmentKLVFFAEhas been
investigated, providing insight into the self-assembly of this
peptide.
14,15 In addition to amyloid-based sequences, the molec-
ular assembly of the silk-derived (AG)n peptides has been
extensively studied by solid state NMR, although a high-resolu-
tion structure for ﬁbrils formed by this peptide has not yet been
reported.RecentX-raystructuresofamyloid-likepeptidecrystals
have illustrated the diversity of peptidepeptide interactions
accessible even to relatively simple systems.
16 Such studies
highlight the importance of characterizing a wider array of ﬁbril
forming peptides, particularly those that exhibit interesting
materialproperties,suchastheelastin-derived (VGGLG)nﬁbrils
reportedbydelMercatoetal.
17,18Theseﬁbrilswereformedfrom
a heterogeneous suspension of mixed n-polymer peptides but
exhibitedunusualblueﬂuorescenceandchargetransportproper-
ties, with potential application in the development of new
materials. However, because of their undeﬁned peptide poly-
meric state, detailed structural characterization of these ﬁbrils is
likely to be challenging.
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ABSTRACT: The characterization of the molecular structure
and physical properties of self-assembling peptides is an im-
portant aspect of optimizing their utility as scaﬀolds for
biomaterials and other applications. Here we report the forma-
tionofautoﬂuorescentﬁbrilsbyanoctapeptide(GVGVAGVG)
derived via a single amino acid substitution in one of the
hydrophobic repeat elements of human elastin. This is the
shortestandmostwell-deﬁnedpeptidesofarreportedtoexhibit
intrinsic ﬂuorescence in the absence of a discrete ﬂuorophore.
Structural characterization by FTIR and solid-state NMR
reveals a predominantly β-sheet conformation for the peptide in the ﬁbrils, which are likely assembled in an amyloid-like cross-
β structure. Investigation of dynamics and the eﬀects of hydration on the peptide are consistent with a rigid, water excluded
structure, which has implications for the likely mechanism of intrinsic ﬁbril ﬂuorescence.1547 dx.doi.org/10.1021/bm101486s |Biomacromolecules 2011, 12, 1546–1555
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Here we describe the secondary structure and dynamic pro-
perties of amyloid-like ﬁbrils formed by the octapeptide
GVGVAGVG. This sequence (GVA) is derived from the
(VPGVG)nrepeat ofhumanelastinthrough asingle substitution
of proline for alanine. On the basis of sequence analysis of
amyloid and elastic proteins and extensive molecular dynamics
simulations, it has been proposed that this type of substitution
would result in a peptide with greater propensity for assembly
into amyloidﬁbrils than elastic polymers.
19The parentsequence
undergoes an elastin-like temperature-induced assembly, pre-
sumably forming a simpliﬁed elastic matrix.
2022
We report the formation of autoﬂuorescent amyloid ﬁbrils by
the GVA peptide and their characterization by FTIR and solid
stateNMRspectroscopy.Thisistheﬁrstdetailedstructuralstudy
of an intrinsically ﬂuorescent amyloid ﬁbril. The results are
consistent with the adoption of a predominantly cross-β struc-
ture in the ﬁbrils, giving rise to rigid, dehydrated peptide
assemblies. These data contrast with the relatively elastic nature
of the autoﬂuorescent ﬁbrils reported by del Mercato et al.
18 and
suggest an alternative mechanism for the optical properties of
GVA ﬁbrils. Because of their well-deﬁned sequence and assem-
bly, the GVA ﬁbrils reported here are amenable to ongoing
studiesofthemolecularbasisfortheirintrinsicblueﬂuorescence.
The signiﬁcance of this work can be attributed to the potential
utility of ﬂuorescent peptide assemblies as building blocks for
new materials and the related requirement to understand the
basis for their unusual physical properties.
’METHODS AND MATERIALS
Peptide Synthesis and Fibrillization. All GVA peptides were
prepared by solid-phase peptide synthesis using standard FMOC
chemistry. The C- and N-termini were amidated and acetylated,
respectively. For NMR experiments, four selective labeling schemes
wereutilized,withincorporationof
13Cand
15Naminoacids(Isotecand
Cambridge Isotope Laboratories) at the residues indicated in Table 1.
The final products were purified by reverse phase HPLC, using an
acetonitrile/water gradient (with 0.1% TFA) on an 11  300 mm C8
peptide column (Vydac). Purified peptides were freeze-dried, and their
identity was confirmed by MALDI mass spectrometry.
To form GVA ﬁbrils, peptide was dissolved at 25 mg/mL in
1,1,1,3,3,3-hexaﬂuoroisopropanol (HFIP, Fluka) and bath sonicated
for 5 min, then allowed to stand at room temperature for 10 min. The
HFIP was evaporated under a stream of N2(g), and the resulting peptide
ﬁlm was resuspended in H2O to give a ﬁnal peptide concentration of 1
mg/mL. The solution was brieﬂy vortexed and sonicated to ensure
uniform resuspension of the peptide. A gel-like suspension of ﬁbrils
formed almost immediately, and samples were incubated at 25 C for
710 days to ensure complete assembly prior to biophysical character-
ization. Amyloid ﬁbrils of PrP(106126) were prepared as previously
described.
23
Transmission Electron Microscopy. Samples for negative stain
TEM were deposited on fresh continuous carbon films layered onto
copper rhodium grids (Electron Microscopy Sciences). Prior to the
addition of samples, the grids were charged using a glow discharger for
15 s at 30 mA negative discharge. Fibril solutions of 1 mg/mL were
adsorbed to grids for 2 min prior to rinsing with 10 μL water for 10s.
SampleswereblottedusingNo.2Whatmanfilterpaperandstainedwith
freshly filtered 2% uranyl acetate for 15 s. TEM images were obtained
using a Jeol 1011 microscope operating at 80 kV.
Fluorescence Microscopy. A drop of suspended GVA fibrils was
placed on a poly prep glass slide (Sigma). A poly-L-lysine coverslip (BD
Biosciences) was placed on top immediately or after the peptide
suspension was allowed to dry. The coverslip was sealed to the slide
usingclearnailpolishwithcarebeingtakentonotallowthepolishtoget
under the coverslip. Images were taken immediately at The Hospital for
Sick Children Imaging Facility using a Leica DMIRE2 (Leica Micro-
systems)invertedfluorescencemicroscopeequippedwithaHamamatsu
Back-Thinned EM-CCD camera. Images were acquired using a 1000
objectivelenswithfluorescencesettotheDAPIchannel(excitation358,
emission460)atanexposuretimeof70ms.Imageswereacquiredusing
the Velocity software package.
Fourier Transform Infrared Spectroscopy. Fourier-trans-
formed infrared spectra were acquired on a Nicolet Nexus 650 spectro-
meter system equipped with a midrange IR source, a KBr beam splitter,
and an MCT-A detector on the Continuum microscope attachment.
Thin films of fibril samples were air-dried on 32 mm cesium chloride
(CsCl) discs before spectra were collected on the microscope attach-
mentintransmissionmode.Spectrawereaveragedfrom256scansovera
range of 4000650 cm
1 wave numbers at 4 cm
1 resolution and were
baseline-corrected using the OMNIC software package (Nicolet/Ther-
mo Electron). The secondary derivative of the amide 1 and 2 region
(18001500 cm
1) was calculated using the OriginPro 8 software for
spectral-deconvolution and secondary structure determination.
Solid-State Nuclear Magnetic Resonance. Lyophilized fibrils
werepackedintostandard22μL3.2mmMASrotors.Hydratedsamples
were prepared by centrifugation of GVA fibrils at 20000g, followed by
packing the dense wet pellets into 22 or 36 μL rotors, depending on
sample volume. Solid-state NMR measurements were carried out on a
narrow bore Varian VNMRS spectrometer, operating at a
1H frequency
of 499.82 MHz. All experiments were carried out using a Varian triple-
resonance 3.2 mm T3MAS probe, with a magic-angle spinning fre-
quencyof1012kHz.Sampleheatingwasalleviatedbydeliveringhigh-
flow rates ofambient temperature dryair tothe sample. Allspectra were
externally referenced to the downfield
13C resonance of adamantane at
38.56 ppm relative to TMS.
24
13C and
15N cross-polarization (CP) was implemented using a linear
ramped radio frequency (rf) ﬁeld centered around 4060 kHz on the
low channel, with a 5080 kHz ﬁeld on the
1H channel and contact
times of 1 to 1.5 ms. π/2 pulse widths on all channels were typically
2.04.0 μs.
1H decoupling ﬁelds of 125 kHz were applied during all t1
and t2 periods, using the TPPM decoupling scheme.
25 With the
exception of T1 relaxation measurements, a 2 s delay was used between
scans. Two-dimensional (2D)
13C
13C spectra were obtained using a
radio-frequency-assisted diﬀusion (RAD) recoupling sequence.
26,27 A
RAD mixing time of 10 ms was used in all cases, and spectra were
recorded at an MAS frequency of 11 kHz. 2D
13C
15N spectra were
obtained using speciﬁc CP from
15Nt o
13C, as described by Petkova
et al.
28
13CT 1 relaxation times were obtained from CP spectra recorded
using the spin-temperature inversion method described by Torchia,
29
with the time between the two π/2 pulses arrayed from 0 to 7.5 s. T2
relaxation time measurements were performed using a CPMG
spinecho experiment,
30,31 with an echo period (including π-pulse)
arrayedfrom50to5000μs.InbothT1andT2experiments,
1H
13CCP
Table 1.
13C,
15N Labeling Schemes Used in the Present
Study
a
peptide name amino acid sequence
GVA(G1V4) GVGVAGVG
GVA(V2G6) GVGVAGVG
GVA(G3V4A5) GVGVAGVG
GVA(V7G8) GVGVAGVG
aResidues with uniform isotope labeling are indicated in bold.1548 dx.doi.org/10.1021/bm101486s |Biomacromolecules 2011, 12, 1546–1555
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wasachievedasdescribedabovewithanMASfrequencyof10kHz.Peak
intensity was plotted as a function of the recovery time and in each case
was ﬁt to a single exponential decay. T2-ﬁltered CP spectra were
obtained using a
1H echo prior to CP.
32,33
Two-dimensioanl
1H
13Ca n d
1H
15N WISE(wide-line separation)
experimentswereusedtomeasure
1H
1Hdipolarcouplings,asdescribed
by Schmidt-Rohr et al.
34 Following a
1H
1H dipolar evolution period
(maximumof0.25ms),magnetizationwastransferredto
13Cor
15Nusing
a100μsLeeGoldbergCPstep.
35Tofacilitatestablespinningofsamples
in the 3.2 mm rotors, WISE experiments were carried out at an MAS
spinning speed of 10 kHz. Simulations of the
1H dipolar spectra were
carried out using Spinevolution.
36
’RESULTS AND DISCUSSION
Fibril Morphology and Autofluorescence. On the basis of
reported molecular dynamics simulations of peptides composed
of modified hydrophobic repeat sequences of human elastin,
19
we predicted that the peptide sequence GVGVAGVG (GVA)
would likely to adopt an extended β-rich structure and assemble
intofibrillaraggregates.Asanticipated,theGVApeptidesrapidly
formed a dense gelatinous suspension upon incubation as
aqueoussolutions,similartothepreviouslyreportedfibrillization
of(VGGLG)npeptidesundersimilarconditions.
17Transmission
electron microscopy (TEM) images show long fibrillar assem-
blies of GVA, with two distinct morphologies observed in
different samples. The majority of samples contained only the
paired twisted filaments shown in Figure 1A,B. These are
composed of unbranched, straight protofilaments ∼10 nm wide
and up to several micrometers in length, which assemble into
pairs with a periodic twist of 125 nm.
In a small number of samples prepared using the same
dissolution conditions, ﬁbrils with a distinct morphology were
observed (Figure 1C,D). These appear as ﬂat untwisted ﬁla-
ments, 10 nm wide, which bundle laterally to form bundles up to
50 nm wide. In the present study, we focus exclusively on the
more prevalent twisted ﬁlaments. Samples displaying the
bundled untwisted morphology gave less optimal NMR spectra,
suggestive of increased disorder and signiﬁcant sample hetero-
geneity, thus inhibiting detailed analysis.
Initialattemptstousebindingoftheﬂuorescentdyethioﬂavin-
T totestfor the presence of cross-βstructure in GVA ﬁbrils gave
uncharacteristic emission spectra, which suggested the presence
of peptide autoﬂuorescence, as reported for (VGGLG)n ﬁbrils.
18
Fluorescence microscope images are shown in Figure 2, along
with bright ﬁeld images. In wet GVA ﬁbril samples (Figure 2A),
small clumps of ﬁbrils are easily visible and clearly show a blue
ﬂuorescence (emission ﬁlter centered at 460 nm) when excited
with 358 nm light. Dry ﬁbril samples gave similar results
(Figure 2B), but the images are less clear because of ﬁlm
formation by the GVA ﬁbrils on the slide during drying. Never-
theless, the blue ﬂuorescence colocalizes with the presence of
ﬁbrillar aggregates, although the intensity of emission may be
lower than that of the wet ﬁbrils. In previous studies of
(VGGLG)n autoﬂuorescence, it was suggested that water-
mediated backbone hydrogen bonding within the ﬁbrils was
important for ﬂuorescence.
18 Whereas this can be used to
rationalize the lower intensity of the emission spectrum from
dry ﬁbrils, a separate study reported blue ﬂuorescence of protein
crystals, in the absence of extensive water hydrogen bonding
networks.
37 Instead, the authors proposed a network of deloca-
lized electrons within hydrogen bonds.
Structural Characterization of GVGVAGVG Fibrils. The
secondary structure of GVA fibrils was probed using Fourier
transform infrared spectroscopy (FTIR). A minimum in the
amide I transmission spectrum is observed at 1627 cm
1,i n -
dicativeofaprimarilyβ-sheetsecondarystructure(Figure3).The
amide I band does, however, exhibit a small shoulder peak near
Figure 1. Negative stain transmission electron micrographs of GVA
ﬁbrils stained with uranyl acetate. (A,B) Prevalent twisted ﬁbril mor-
phology. (C,D) Representative TEM images from samples containing
primarily clumped, untwisted ﬁbrils.
Figure 2. Fluorescence microscopy images of (A) fully hydrated and
(B) dry GVA ﬁbrils. The left panel in each case shows a bright ﬁeld
image, whereas the right panel is a ﬂuorescence image of the same ﬁeld,
obtained with excitation at 358 nm and observing emission at 460 nm.
Imageswereacquiredusinga1000objectivelensandanexposuretime
of 70 ms.1549 dx.doi.org/10.1021/bm101486s |Biomacromolecules 2011, 12, 1546–1555
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1670 cm
1, suggesting the presence of some disordered regions.
An additional peak at 1680 cm
1, in combination with the main
peak at 1627 cm
1, has been proposed to result from antiparallel
β sheets arranged in a cross-β structure.
3840 Whereas there is
poor resolution in the amide II region, a broad peak centered at
1545 cm
1 is consistent with a predominantly β-sheet structure.
Note that the FTIR spectra were obtained for isolated fibrillar
material using a microscope attachment. Therefore, these data
likelyreflectthepresenceofsomedisordercoexistingwithβsheet
withinthefibrilsratherthanarisingfromunstructuredmonomers
insolution.PolarizedlightmicroscopyofGVAfibrilsstainedwith
Congo Red revealed the characteristic apple-green birefringence
ofamyloidfibrils(notshown),suggestingthepresenceofacross-
β packing of peptides in GVA fibrils, consistent with a primarily
β-sheet structure.
41
Toobtainmoredetailedinsightintothesecondarystructureof
GVA ﬁbrils, we used magic-angle spinning solid-state NMR
spectroscopy to obtain isotropic
13C and
15N chemical shifts
for this peptide. Resonance assignments were made using 2D
chemical shift correlation spectra in all cases based on spin
system identiﬁcation in
13C
13C RAD spectra obtained with
10 ms mixing times.
13C and
15N assignments are shown in
Figure 4 for hydrated and lyophilized GVA(G1 V4) ﬁbrils. Note
thattwodistinctpopulationsareobservedforGly1,whereasVal4
has one distinct set of resonances in the same sample. Similar
resultswere obtained forGVA(V2G6)ﬁbrils,inwhichoneset of
Val2 resonances is observed, whereas Gly6 has two distinct sets
of carbonyl and CR shifts, although in this case, they are
separated by <0.5 ppm. Val4, Val7, and Gly8 also all gave rise
to a single set of shifts for each residue. A more dramatic
suggestion of conformational polymorphism is observed for
Ala5, which has three very distinct carbonyl
13C resonances
(Figure 5), with approximately 2:2:1 peak ratios (170.5, 173.6,
174.8 ppm). As is the case for each of the polymorphic glycine
residues, all of the Ala5 chemical shifts remain indicative of the
same secondary structure, although the resonance at 170.5
ppm exhibits an uncharacteristically large shift relative to the
random coil value of 176.1 ppm. The Ala5 carbonyl shifts for the
dry ﬁbrils are not reported in Figure 6 because slightly broader
linespreventaccurateidentiﬁcationoftheresonancesnear173to
174 ppm.
As suggested by molecular dynamics simulations of related
peptides,thepresenceofmultiplechemicalshiftsatAla5strongly
suggests conformational plasticity and adoption of three pre-
ferred structures. Given the proposed tendency of similar pep-
tidestoadopthairpinstructures,itislikelythatsomeoftheGVA
peptides contain a β turn at this site.
19,42,43 The two glycine
resonancesobservedatseveralsitesmayreﬂectlong-rangeeﬀects
ofvariedAla5conformationsonthepeptideormaybeindicative
of local ﬂexibility at each site, giving rise to two distinct states.
The fact that multiple populations are observed in both the
hydrated and lyophilized samples suggests the presence of static
structures incorporating local heterogeneity rather than ex-
change between multiple conformations, unless this occurs on
a very slow time scale. No exchange between these sites was
observed in
13C RAD spectra obtained with 500 ms mixing such
that any exchange would have to occur with a rate<1 s
1.
Even in the presence of some conformational variability, it is
informative to examine the secondary
13C chemical shifts, which
are calculated as δobs  δrandom coil using the expected shifts for
unstructuredpeptidesgivenbyWishartetal.
44Theseareplotted,
along with
13C linewidths, in Figure 6 for both hydrated and
lyophilized GVA ﬁbrils. Sites exhibiting multiple chemical shifts
are indicated by asterisks. The average secondary chemical shifts
are plotted for these sites because the predicted secondary
structure remains the same in each case (and the diﬀerences
between populations are small for the glycines). In all cases,
negative values for carbonyl and CR shifts, along with positive
Cβshifts,suggestanextendedβstructure,althoughthepresence
of turns cannot necessarily be excluded by this analysis. The
13C
linewidths for most sites in dry and hydrated ﬁbrils are quite
narrow, with the only exceptions being the N- and C-terminal
residues, where some degree of increased conformational dis-
order might be expected. There is a very slight broadening of
most resonances by 0.2 to 0.5 ppm upon drying the sample,
suggestingthatsome internalmotionsor increasedorder maybe
contributing to line narrowing in the hydrated samples. How-
ever,
13Cchemicalshiftsremainlargelythesamebetweenthetwo
states, and the broadening eﬀect of dehydration is subtle,
suggesting relatively small eﬀects of hydration on GVA ﬁbrils.
Dynamic Properties of GVA Fibrils. To examine further the
potential hydration dependence of GVA fibril internal structure
and fluorescence properties, we measured several NMR
Figure 3. Fourier transform infrared spectroscopy of unlabeled GVA
ﬁbrils.(A)TransmissionspectrumencompassingtheamideIandamide
II regions. (B) Corresponding second derivative spectrum. In each case,
the major peak at 1627 cm
1 (corresponding to β sheet) is indicated.
Additional weaker features corresponding to random coil or disordered
structures are also labeled in part B.1550 dx.doi.org/10.1021/bm101486s |Biomacromolecules 2011, 12, 1546–1555
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parameters that report on dynamic processes. In Figure 7, a
qualitative analysis of the
1H
1H dipolar couplings in GVA
fibrils is presented. The
1H dipolar cross sections extracted from
2D
1H
13C WISE
34 spectra of lyophilized and fully hydrated
GVA(G1 V4), GVA(V2G6), and GVA(V7G8) fibrils are shown
in Figure 7A,B. Dipolar linewidths estimated from these spectra
arepresentedinTable2.Thepresenceofmobilesegmentsinthe
protein will lead to a significant reduction of the
1H
1H dipolar
couplings and thus result in a narrowing of the wide-line
spectrum  here observed as an increase in the relative intensity
of the central componentrelative tothe spinningsidebands. The
only site to show significant reduction in dipolar coupling as a
function of fibril hydration is the C-terminal glycine (Gly8), for
which the
1HR line width decreased from 49 to 19 kHz,
indicating increased mobility for this site relative to the rest of
the chain. For all other R and β groups, the dipolar spectra are in
closeagreementwithSpinevolutionsimulationsofstaticsystems.
The valine methyl spectra are narrower than those of other sites
(1214 kHz), which is consistent with rapid rotation around
the methyl axis. WISE data for GVA(G3V4A5) are not shown
because small sample size in this case prevented the acquisition
of wide-line data with sufficient signal-to-noise for meaningful
analysis.
These data are in contrast with the
1H
13C WISE results
obtained for hydrated amyloid ﬁbrils formed by the prion-
derived peptide PrP(106126) (Figure 8), whose structure we
have previously reported.
23 In this sample, sites known to reside
at the surface (V121Cγ and Cβ) show a signiﬁcant reduction in
the
1H
1H dipolar coupling, resulting in linewidths of approxi-
mately8to9kHz,consistentwithfreerotationoftheVal121side
chain. Similarly, the Gly126 R protons exhibit signiﬁcant reduc-
tion in dipolar linewidths (8.5 kHz), which is consistent with
their location at the mobile C-terminus of the peptide. The
Val121 backbone is locked into the ﬁbril core and exhibits a rigid
dipolar spectrum, with an
lHR line width of 30 kHz, similar to
those observed for Val residues in the GVA ﬁbrils.
Dipolar slices from 2D
1H
15N WISE spectra are shown in
Figure 7C and tabulated in Table 2. These data further support
the results from
13C-attached protons in Figures7A,B, with
1H
dipolar linewidths of 1822 kHz observed for most sites,
regardless of hydration state, suggesting a lack of increased
backbone motions. The amide proton of Gly1 exhibits a slight
Figure 4.
13C and
15N resonance assignments for GVA(G1 V4) ﬁbrils. (A) Aliphatic and carbonyl regions of a
13C
13C chemical shift correlation
spectrumofhydratedGVA(G1V4)ﬁbrils,obtainedwithaRADmixingtimeof10ms.(B)Equivalentspectrumobtainedforlyophilized(dry)GVA(G1
V4) ﬁbrils. Expansions of the carbonyl-CR crosspeaks for Gly1 and Val4 are shown below each 2D spectrum. (C,D)
15N CP spectra of wet and dry
GVA(G1V4)ﬁbrils,respectively.Thechemicalshiftassignmentsforallresonancesareindicatedoneachspectrum,withbothsetsofGly1carbonyland
CR resonances identiﬁed. All data were obtained at 25 C, with an MAS rate of 11 kHz MAS.1551 dx.doi.org/10.1021/bm101486s |Biomacromolecules 2011, 12, 1546–1555
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reductionindipolarlinewidthuponhydration(from16.9to12.8
kHz), suggesting that the N-termini of at least some GVA
peptides are exposed to bulk solvent.
Thus, the results obtained for the GVA ﬁbrils are largely
consistent with a highly dehydrated, rigid structure. The
1H
dipolar linewidths observed for most sites are similar to those
obtained by Ohgo et al., from WISE spectra of lyophilized native
elastin (2934 kHz for all sites).
46 In that study, hydration
resulted in a global reduction of the
1H linewidths to 1.8 to 2.3
kHz, indicative of a highly mobile and dynamic system. A similar
trend of line width reduction upon sample hydration was
reportedfortheelastinmimetic[(VPGVG)4(VPGKG)]39,again
supporting a signiﬁcantly more rigid and less hydrated structure
for GVA ﬁbrils relative to elastic peptide/protein assemblies.
45
FurtherevidenceoftheoverallrigidityandinsensitivityofGVA
ﬁbrilstotheirhydrationstateisprovidedby
1Hand
13CT 1andT2
relaxationtimes,whichweremeasuredforseveralpositionswithin
the ﬁbrils (Figure 9). An increased rate of T1 relaxation would be
indicative of motions occurring on the nanosecond time scale,
whereas T2 relaxation rates are primarily sensitive to dynamic
processesoccurringonthemicrosecondtomillisecondtimescale.
In each case, there is relatively little variability across the peptide
andlittle sensitivity tohydration,suggestinglittle orno changein
Figure6. Secondary
13CchemicalshiftsandNMRlinewidthsmeasuredfrom(A,C)fullyhydratedand(B,D)lyophilizedGVAﬁbrils.Asterisksindicate
the residues that give rise to multiple clearly resolved resonances in hydrated GVA(G1V4) and GVA(G3V4A5) ﬁbrils. The chemical shifts and
linewidths for the peaks representing the largest population were used in each case. Note that all populations give rise to similar peak widths and
secondary chemical shifts. To facilitate comparison of
13C linewidths, a horizontal line is shown at 1.25 ppm in parts C and D.
Figure5. 2D
13C
13CchemicalshiftcorrelationspectrumofGVA(G3
V4A5),obtainedusingaRADmixingtimeof10ms,withanMASrateof
11 kHz. Resonance assignments are shown, with the three carbonyl
shiftsobservedforAla5indicated.Notethattwodistinct,butverysimilar
(<0.25 ppm diﬀerence) shifts are also observed for thecarbonyl and CR
resonances of Gly3.1552 dx.doi.org/10.1021/bm101486s |Biomacromolecules 2011, 12, 1546–1555
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local mobility. There is a small increase in the
1HT 1 relaxation
time for Val2 upon hydration, although the dry values at this site
are low relative to most other sites.
The
13CT 2relaxationtimesalsoallowustocalculateexpected
linewidths for completely homogeneous sites as 1/πT2. The
expected
13C linewidths range from 0.5 to 1 ppm, which is
signiﬁcantlynarrowerthanthedatareportedinFigure6,suggest-
ing the presence of conformational heterogeneity at several sites,
primarily at the N-and C-termini, leading to 50100 Hz of
inhomogeneous line broadening. This may alternatively result
from heterogeneous packing of the GVA peptides within the
largerﬁbrillarassembly.Itisimportanttonotethatthelinewidths
observed for GVA ﬁbrils are consistent with those reported for
other peptide amyloid ﬁbrils.
23,4749
The exposure of various sites within GVA ﬁbrils to water was
tested using CP experiments with a
1HT 2 ﬁlter. Similar experi-
ments have previously been used to look for water-exposed
residues in protein microcystals.
32 Signals arising from transfer
Figure 7.
1H dipolar spectra extracted from
1H
13C and
1H
15N 2D WISE spectra of GVA ﬁbrils. (A,B) Slices taken from
1H
13C WISE spectra of
hydrated (left column) and dry (right column) GVA-1 ﬁbrils.
1H dipolar spectra for valine are shown in part A, whereas those for glycine residues are
showninpartB.(C)
1Hslicesfrom2D
1H
15NWISEspectraofthesamesamples.Allspectrawereobtainedat25CwithanMASfrequencyof10kHz.
Table 2.
1H Dipolar Linewidths (kHz) Measured from
Lyophilized and Hydrated GVA Fibrils and Hydrated
PrP(106-126) Fibrils
hydrated GVA ﬁbrils lyophilized GVA ﬁbrils
residue NH HR Hβ Hγ NH HR Hβ Hγ
Gly1 12.8 41.0 16.9 45.8
Val2 20.7 30.1 30.3 13.5 20.1 30.1 29.9 13.6
Val4 17.9 31.3 31.3 12.5 18.9 32.6 29.5 14.0
Gly6 21.8 47.6 22.4 50.4
Val7 20.9 31.5 31.5 11.8 19.4 29.2 31.2 13.0
Gly8 18.2 19.3 18.9 49.2
hydrated PrP(106126)
Val121 30.2 9.5 7.9
Gly126 8.6
Figure 8.
1H dipolar spectra extracted from
1H
13C 2D WISE spectra
of fully hydrated amyloid ﬁbrils formed by the prion protein-derived
peptidePrP(106126).The
13Cresonanceatwhichthe
1Hdipolarslice
was takenisindicatedforeachspectrum. Allspectra were obtainedat25
C with an MAS frequency of 10 kHz.1553 dx.doi.org/10.1021/bm101486s |Biomacromolecules 2011, 12, 1546–1555
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between water protons and peptide will have much times longer
than the
1HT 2 of peptide groups.
13C peak intensities for Gly1
and Val4 are plotted in Figure 10 as a function of
1HT 2 ﬁlter
time. Several CP transfer times were used to allow transfer
primarily from nearby protons (0.5 ms) or over longer distances
(2.5,5.0,and10ms).Nochangewasobservedat2.5ms,sothose
data were omitted. A very slight increase in most peptide
13C
signals is observed between 25 and 250 μs as CP time increases,
but the apparent
1HT 2 for all of these experiments remains
consistentwithvaluesmeasuredforthepeptideratherthanH2O.
This suggests that the majority of the peptide is not exposed to
any signiﬁcant amount of water or that only tightly bound water
molecules (which may exhibit
1HT 2 values close to that of the
protein) contribute to the CP spectrum.
Overall, our data are consistent with relatively rigid ﬁbrils
composedofacross-βarrangementofextendedβstrands,although
the presence of alternative conformations is strongly indicated by
the FTIR and
13C chemical shift data. The structure and rigidity of
the ﬁbril are insensitive to hydration levels, suggesting a dehydrated
assembly composed of several layers of peptide, eﬀectively reducing
the amount of surface-exposed peptide. This is supported by the
apparent size of the ﬁbrils (even as a fully extended chain, the GVA
peptides are only 2 nm long, whereas the protoﬁlaments are 10 nm
wide by TEM) and by the T2 ﬁltered CP experiments.
The current study contrasts with the previously reported
intrinsic ﬂuorescence of (VGGLG)n ﬁbrils that were shown to
bequiteelasticanddeformablebyAFMnanoindentationstudies,
relativetoamyloidﬁbrilsofinsulinordiphenylalanine.
17,18Given
the ability of those ﬁbrils to transport charge, water-mediated
hydrogen bonding within an amyloid-like packing arrangement
was proposed as the basis for their physical properties. Whereas
we cannot exclude the presence of internally bound water
involved in hydrogen bonding in our system, this would be
unusual, as most amyloid structures are considered to have a
completely dehydrated cross-β structure, which further assem-
bles using hydrophobic steric zipper motifs.
16 In general, bulk
watermaybeexpectedtosurroundprotoﬁlamentsandﬁbrilsbut
not penetrate the core. Therefore, our data to date support a
mechanism similar to that proposed by Shukla et al., in which
intrinsicproteinﬂuorescenceistheresultofdelocalizedelectrons
within backbone hydrogen bonds becoming excited by irradia-
tion with UV light in the region of 350 nm wavelength, then
undergoing relaxation through a ﬂuorescent pathway. In an
extended ﬁbrillar assembly, a large network of this type could
Figure9.
1Hand
13CNMRrelaxationtimesmeasuredfordryandhydratedGVAﬁbrils.T1andT2relaxationtimesareplottedforseveralresonances,as
indicated. Data for dry ﬁbrils are indicated by squares, and the wet ﬁbril data are indicated by circles.1554 dx.doi.org/10.1021/bm101486s |Biomacromolecules 2011, 12, 1546–1555
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potentially exist, leading to intrinsic peptide ﬂuorescence in the
absence of true ﬂuorophores.
’CONCLUSIONS
Withincreasedinterestinself-assemblingpeptidesasscaﬀolds
for creating biomaterials with a wide range of physical or
chemical properties and as the backbones of other nanostruc-
tures, it is important to understand the molecular structure and
physicalbehaviorofsuchsystems.Todate,relativelyfewofthese
potential materials have been subjected to detailed structural
analysis. Here we describe the structural and dynamic character-
ization of ﬁbrillar assemblies formed by the elastin-derived
octapeptide, GVGVAGVG (GVA). In addition to forming part
of a growing family of self-assembling peptides based on human
elastin, ﬁbrils of this peptide exhibit intrinsic ﬂuorescence.
Thisisonlythesecondreportedcaseofﬂuorescenceemission
by an amyloid-like assembly lacking discrete ﬂuorophores and is
the ﬁrst that is readily amenable to detailed structural analysis.
Ourstructuraldatarevealthepresence ofpredominantlyβ-sheet
conformation, with some local heterogeneity, potentially β turns
formed by some of the peptides in the ﬁbril. A solid-state NMR
investigation of peptide dynamics and the eﬀect of hydration
suggests the adoption of a rigid, water-excluded structure, unlike
the relatively soft (GGLGGV)n ﬁbrils previously reported. The
latter have been suggested to contain hydrogen-bonded water
molecules within the cross-β structure, resulting in ﬂuorescence.
Our data provide some evidence of an alternative hypothesis
proposed by Shukla et al.,
37 in which a network of delocalized
electrons existswithinthehydrogen-bonded backbone. Whereas
we cannot yet deﬁnitively exclude the possibility of static water
moleculesenclosedwithintheﬁbrilstructure,theGVAﬁbrilsare
idealcandidatesforourongoinginvestigationsofthemechanism
of peptide ﬁbril autoﬂuorescence.
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